Introduction
The formation of HNO complexes with iron porphyrins has been implicated in a large number of physiological and pathological processes, 1 including cytochrome c nitrite reductases (ccNiR), 2,3 fungal cytochrome P450 nitric oxide reductase (P450nor), 4, 5 and hydroxylamine oxidoreductase. 6 The formation of ferrous nitroxyl (NO -or HNO) has been postulated in the reduction of NO to N2O by cytochrome P450nor. 7 DFT calculations have shown that the Fe(II)-NO -complex is basic and can be protonated, at least with appropriate heme ligation. 8, 9 The coordination chemistry of HNO with hemes has been reviewed by Farmer and Sulc, 10 while Speelman and Lehnert 11 examined the differences between heme and nonheme iron nitroxyl complexes. For heme complexes, the reduction of the Fe(P) (NO) complex (where P = porphyrin) was centered on the nitrosyl group, 12 which made that moiety quite basic. Lin and Farmer 13 reported the synthesis and characterization of a HNO complex with myoglobin. Farmer et al. used NMR, X-ray absorption, and resonance Raman spectroscopy for additional studies of this complex. 14, 15 A νNO vibration of 1385 cm -1 was reported using resonance Raman spectroscopy, close to the νNO for the Ru(P) (HNO) complex (P = porphyrin). 16 Czarnecki and Kincaid used cryoradiolysis to obtain the low-wavenumber resonance Raman spectrum of the myoglobin Fe-HNO complex. 17 The visible spectrum of a Fe(PF) (HNO) complex (where PF was a picket-fence porphyrin) was reported by Goodrich et al. 18 A recent report by Abucayon et al. 19 showed the formation of an Fe(OEP) (HNO) (Im) (OEP = octaethylporphyrin) complex by hydride attack on the ferric nitrosyl complex. A similar approach had been used earlier in the formation of a Ru(P) (HNO) (Im) complex. 16 Spectroscopic properties (e.g., NMR, IR/Raman) of metalloporphyrin-HNO complexes were calculated using DFT and compared to experimental values by Ling et al. 20 Conradie and Ghosh 21 carried out DFT calculations on metal porphyrin-HNO complexes and found that the Fe(P) (HNO) complex was a low-spin ferrous complex. Cobalt and manganese complexes, though, yielded two low energy states.
The Fe(P) (HNO) complex in aqueous solutions has limited stability because there are a number of decomposition pathways. The reaction of HNO with metalloporphyrins was reviewed recently by Doctorovich et al. 22 In aprotic solvents, iron porphyrin-HNO complexes have been found decompose to Fe(P) (NO) and H2. 18, 23 This reaction though is slow with weak acids, and the work of Liu and Ryan 24 showed that this reaction was not important on the voltammetric time scale. Using weak acids such as substituted phenols, Fe(P) (NO) − reacted with phenol to generate Fe(P) (HNO). 24 The pKa of a Ru-HNO complex with a nonporphyrin ligand was measured as 9.78 in aqueous solution, a value that is similar to or weaker than many substituted phenols. 25 At more negative potentials, the Fe(P) (HNO) complex can be further reduced to hydroxylamine (on the voltammetric time scale) and ammonia (on the coulometric time scale). 24 Kinetic analysis of the reduction of Fe(P) (NO) − to Fe(P) (NH2OH) indicated that the rate limiting step was the formation of a Fe(P)(H2NO) + intermediate. On the basis of this work, the overall scheme for the reduction of Fe(P) (NO) in weak acids/nonaqueous solvents can be summarized in Scheme 1. In this scheme, the formation of Fe(P)(H2NO) + was rate limiting step (reaction 4) but it was not clear if it was a significant species in solution at equilibrium. At the limiting current plateau for the second wave, where Fe(P) (NH2OH) was formed, the current was consistent with the formation of Fe I (P) −24 (reaction 5).
Scheme 1. Redox and Acid/Base Reactions for Fe(OEP) (NO) Species
The Fe(P) (HNO) complexes that have been generated to date have used protected environments, such as proteins 13, 26 or picket-fence porphyrins, 18 to prevent the decomposition of Fe(P) (HNO) to Fe(P) (NO) and H2. 18, 23 The voltammetric evidence though shows that this reaction is not fast, as it cannot be observed on the voltammetric time scale. Since metal coordinated nitroxyls are reasonably good bases (pKa ≈ 9-10), even fairly weak acids, such as substituted phenols, can protonate this species, especially if the reaction is driven with an excess of acid. Under these conditions, it should be possible to observe the spectroscopic and chemical properties of Fe(P) (HNO) using spectroelectrochemistry.
Experimental Section Chemicals
Tetrabutylammonium perchlorate (TBAP), iron(III) octaethylporphyrin (FeOEPCl), 2,6-dichlorophenol, sodium methoxide, and hydroxylamine hydrochloride were purchase from Sigma-Aldrich Chemical Co. Deuterated phenols (3,5-dichlorophenol-d3 and 3,5-dichlorophenol-d4) were obtained from CDN Isotopes. TBAP was dried at 90 °C under a vacuum overnight before use. Anhydrous THF was refluxed in the presence of sodium metal and benzophenone until the solution was a persistent dark blue color. After purification, the solvent was collected under argon and stored in the glovebox. All phenols were purified by sublimation. The iron-porphyrin nitrosyl and nitroxyl complexes were synthesized by literature methods, 12, 27 as were the phenolate salts. 24 
Instrumentation
The boron-doped diamond (BDD) electrode (3 mm diameter) was obtained from Windsor Scientific, Ltd.
(Slough, UK). Spectroelectrochemical (SEC) experiments used a low-volume thin layer quartz glass cell purchased from BAS Inc. A platinum mesh was used as the working electrode and a platinum wire was used as the auxiliary electrode. Potentials were measured relative to the Ag/AgNO3 (in CH3CN) reference electrode. The UV-visible spectra were recorded on a HP 8452A diode array spectrophotometer. The FTIR spectroelectrochemical cell was previously described. 28 The infrared spectra were obtained using 64 scans and 2 cm -1 resolution, recorded with a Thermo Nicolet-FTIR spectrophotometer (Model 670 Nexus) with a MCT detector. 1 H NMR measurements were performed using a Varian 400 MHz FT spectrometer.
Procedures
All solutions were prepared in the glovebox and sealed with Teflon tape. The argon gas flow was continued above the voltammetric solutions until the end of the experiment. The argon gas was presaturated with THF. UV-visible and FTIR spectroelectrochemical experiments were carried out using one of two methods depending upon the solution. For UV-visible spectra, a slow cyclic scan of the potential was sufficient to ensure complete electrolysis at each potential. For the FTIR (except as noted), potentials were chosen to be sufficiently negative to ensure complete electrolysis. The DFT calculations for the infrared and NMR spectra were calculated using the procedures described previously. 12 
Results and Discussion

Cyclic Voltammetry of Fe(OEP) (NO)
The cyclic voltammetry of Fe(OEP) (NO) in THF in the absence and presence of 2,6-dichlorophenol (dcp) is shown in Figure 1 . In the absence of 2,6-dcp, a single wave was observed, and the electron transfer was chemically reversible, with an E° value of −1.25 V vs Ag/AgNO3 (Scheme 1, reaction 1). The large ΔEp value can be mostly attributed to uncompensated solution resistance. With the addition of 10 mM 2,6-dcp, the wave shifted to more positive potentials and the oxidation peak decreased significantly, compared to the voltammetry in the absence of 2,6-dcp. This indicated that Fe(OEP) (NO)
− reacted with the phenol. As the scan rate was decreased, the peak current ratio approached one as expected for a reversible chemical reaction ( Figure S1 ). The increased chemical reversibility was consistent with an EC (reversible) mechanism (reactions 1-2, Scheme 1). The fact that the forward peak current increased minimally in the presence of 2,6-dcp indicated that the Fe(OEP) (HNO) complex was not further reduced under voltammetric conditions (a 10% increase in the peak current is consistent with an EC mechanism). In addition, the minimal increase in the peak current will also rule out the disproportionation reaction (reaction 6, Scheme 1) under voltammetric conditions as this would lead to a significant increase in the peak current. If the scan window was increased, a second wave was observed (Figure 1 insert) . This wave was previously observed in polarography, and led to the formation of hydroxylamine (on the voltammetric time scale) and ammonia (on the coulometric time scale). 24 These results were consistent with the behavior that was previously reported on mercury using normal pulse polarography. 24 The kinetics of the second redox process was thoroughly examined in that work, and corresponded to a kinetically controlled 3-electron process. The current for the second wave was strongly dependent upon the scan rate and the acid concentration. 24 Three electrons were only observed at slow scan rates and/or high acid concentrations. Since reactions 4-5 (Scheme 1) have already been studied in detail, the focus of this work will be the characterization and reactivity of the intermediate species, Fe(OEP) (HNO).
Similar voltammetric behavior was observed for a series of phenols, including phenol itself, 2,3-dcp, 2,6-dcp and 3,5-dcp. The pKa values of these acids are shown in Table 1 . As the pKa of the acid decreased, the concentration of the substituted phenol needed to shift the wave increased. While only 5-10 mM 2,6-dcp was needed to shift the E1° value as shown in Figure 1 , much higher concentrations were needed for the weaker acids (0.2-0.5 M were needed for phenol itself). From the shift in the E1° value, one could estimate the concentration of substituted phenol needed to ensure that most of the reduced product is in the Fe(OEP) (HNO) form. These calculations guided us in the determination of the substituted phenol concentration to be used in this work. Most of the work in this report involved the use of 2,6-dcp, but other phenols were also used to minimize spectral overlap in some experiments (e.g., 2,3-dcp in some of the FTIR experiments or deuterated phenols in the NMR). 
Visible Spectroelectrochemistry
To obtain spectroscopic evidence of the protonated nitroxyl, the visible spectroelectrochemistry of Fe(OEP) (NO) in THF was carried out (Figure 2A) . The results were consistent with previous studies, 29, 30 with minimal changes observed in the Soret region, and a new band at 540 nm. The experiment was then repeated in the presence of 20 mM 2,6-dichlorophenol (dcp) ( Figure 2B and 2C). Figure 2B shows the first 91 s of the experiment. The Soret band was slightly red-shifted and broadened, and small but reproducible changes were observed in the Q-band region. After 91 s, a new Soret band at 402 nm and a new band in the Q-band region at 552 nm were observed. Analysis of the data using evolving factor analysis 31 showed clearly that there were three species present during the electrolysis ( Figure S2 ). Deconvolution of the spectra was straightforward as the initial and final spectra could be obtained from the data. The spectra of the three species are shown in Figure S3 . The first spectrum was due to the starting complex, Fe(OEP) (NO). Neither of the remaining two spectra in Figure S3 corresponded to Fe(OEP) (NO) − , indicating that the reaction with phenol was fast on the spectroelectrochemical time scale. At this point, we will tentatively assign the second spectrum to Fe(OEP) (HNO) (3), and the third spectrum to Fe(OEP)(H2NOH) (4), based on the previous work. − + 2,6-dichlorophenol.
As was observed in the cyclic voltammetric experiments, the protonation reaction was reversible, and the extent of protonation can be reduced by the addition of phenolate, driving reaction 2 (Scheme 1) to the left. While the protonation reaction between phenol and the iron nitroxyl is fast on the spectroelectrochemical time scale, the reverse reaction was slow as could be seen in the voltammetric data. Using typical scan rates of 1-5 mV/s, no reoxidation was observed at the scan in the spectroelectrochemical scan. In fact, continued reduction of Fe(OEP) (HNO) to species 4 could be observed at the end of the scan. This indicates that the thermodynamic E° of Fe(OEP) (HNO) to species 4 was equal to or positive of the Fe(OEP) (NO) 0/-1 wave. However, kinetic factors prevented the multielectron reduction of Fe(OEP) (NO) in the presences of acid at the first wave. To see the effect of phenolate, a cyclic spectroelectrochemical scan was carried out in the presence of 20 mM 2,6-dcp and 50 mM 2,6-dichlorophenolate. Under these conditions, Fe(OEP) (HNO) was the major product, unlike what was observed in the absence of phenolate. Some species 4 was eventually formed during the scan (Figure 2C, insert) . A comparison of Figure 2C and its inset showed that species 4 was significantly suppressed in the presence of phenolate. When the potential was held at −0.60 V, the oxidation of species 4 and Fe(OEP) (HNO) back to Fe(OEP) (NO) was observed.
A second set of spectroelectrochemical experiments were carried out by stepping the potential through the first wave, allowing the solution to come to steady state at each potential in the forward scan. At lower potentials and low concentrations of 2,6-dcp, Fe(OEP) (HNO) was the product of the reduction. As the potential was stepped more negatively, species 4 was formed even at lower concentrations of 2,6-dcp. As the concentration of 2,6-dcp was increased, species 4 was formed at progressively lower potentials, so that it was eventually difficult to observe Fe(OEP) (HNO) in the reduction. These results show that species 4 is formed at the second wave, and the waves will merge if the potential scan is slow enough. These results confirm that the two separate waves that were observed in voltammetry were due to kinetic rather than thermodynamic factors.
The final visible spectroscopic experiment was the spectroelectrochemistry of Fe(OEP) (HNO) generated by the one-electron chemical reduction of Fe(OEP) (NO), followed by the addition of a weak acid. The solution was then reduced electrochemically and the visible spectra monitored (Figure 4) . The initial spectrum (black trace) was consistent with the Fe(OEP) (HNO) spectrum. Reduction of the complex gave rise to the 402 nm band that was indicative of species 4. The sharp Soret band was most consistent with a ferrous porphyrin species. The cyclic voltammetric and normal pulse polarographic data both showed a multielectron reduction. The spectroelectrochemical data were most consistent with the formation of a ferrous-hydroxylamine complex (reaction 3, Scheme 1), as the potentials were kept positive of the Fe II/I potential, unlike what was done in the previous study 24 (reaction 5, Scheme 1). On the reverse scan, little reoxidation of the complex was observed. If the potential was maintained at −0.20 V, species 4 (Fe(OEP)(H2NOH)) was slowly oxidized back to Fe(OEP) (NO). This indicates that the Fe-N bond to the ligand remained intact throughout the redox process. There are two reasons that Fe II (OEP)(H2NOH) continues to be observed during the reverse scan. First, the sluggishness of reaction 2 (Scheme 1), which removes Fe(OEP) (HNO) from the equilibrium. The sluggishness of reaction 2 (Scheme 1) may be due to participation of PhO -in the rate limiting step. Second, the formation of species 4 is probably controlled by kinetic rather than thermodynamic reasons. Therefore, given enough time, species 4 can be formed at potentials that are more positive than the voltammetric wave. Under these conditions, there was no evidence of the generation for H2 from the reaction of the phenol with Fe(OEP) (NO)
− . If this were occurring, the visible spectrum for Fe(OEP) (NO) would be seen. In fact, the chemically generated Fe(OEP) (HNO) species was stable for hours in the presence of substituted phenols. has been discussed earlier, with the meso-protons appearing at 7.50, 7.59, and 7.77 ppm, 12 with no resonances in the 9-13 ppm region. To this solution, 3,5-dichlorophenol-d3 was added. New resonances were now observed at 9.3 and 12.6 ppm, and the meso-protons shifted to 7.90, 7.78, and 7.76 ppm. Irradiation at the 12.6 ppm led to an attenuation of the 9.3 ppm resonance, indicating that these two protons were linked by an exchange reaction. In addition, the two resonances were temperature dependent, and shifted toward each other as the temperature changed. Repetition of the NMR experiment with 3,5-dichlorophenol-d4 yielded no resonances around 12.6 ppm. To the Fe(OEP) (NO) − /3,5-dcp solution, 3,5-dichlorophenolate was then added. After the addition, the resonance at 12.6 ppm disappeared, and the meso-resonances of the OEP ligand reappeared at the position observed for Fe(OEP) (NO) − . DFT calculations for Fe(OEP) (HNO) using the m06 functional predicted a value of 12.2 ppm for the ligand proton. Previous studies showed that the proton in HNO in Fe(OEP) (HNO)(5-MeIm) was 14.0 ppm. 19 The small upfield shift in this case may be due to the lack of trans-coordination, as well as to hydrogen bonding between the complex and the excess phenol. No coupling between 15 N (from 
H NMR Spectroscopy
Infrared Spectroelectrochemistry
The FTIR spectroelectrochemistry of Fe(OEP) (NO) in THF has already been reported. 28 The νNO for Fe(OEP) (NO)
− was found at 1440 cm -1 , which shifted to 1424 cm -1 for 15 NO. The FTIR spectroelectrochemical spectrum for Fe(OEP) (NO) − is shown in Figure 6A (black trace). In addition to the 1440 cm -1 band, a strong band was also observed at 1385 and 1345 cm -1 . These bands were identified by DFT calculations to be primarily porphyrin core vibrations with significant coupling to the NO moiety. When Fe(OEP)( 15 NO) was used, the 1345 cm -1 band was downshifted by 2 cm -1
. The coupling probably was the source of the increased strength of this band. The FTIR spectroelectrochemistry of Fe(OEP) (NO) in the presence of 8 mM 2,6-dcp was carried out (Figure 6 ). Notable differences were observed in the spectra of the reduced species in the absence and presence of weak acid. First, the νNO vibration at 1440 cm -1 was not observed in the presence of 2,6-dcp, indicating that most of the Fe(OEP) (NO) − had reacted, which was consistent with the cyclic voltammetric and visible spectroelectrochemical data. This also indicated that the reaction of the acid with Fe(OEP) (NO) − was fast on the spectroelectrochemical time scale. While there was moderate overlap between the 2,6-dcp band at 1447 cm -1 and the νNO band, the νNO should have been observed if Fe(OEP) (NO) − were present. To confirm this, Fe(OEP)( 15 NO) was used, and the νNO band (now at 1424 cm -1 ) was still not observed. Second, the bands at 1345 and 1385 cm -1 were significantly attenuated in the presence of 2,6-dcp due to the lack of coupling with the NO moiety. In addition, the 1385 cm -1 was slightly upshifted, and closer to the Fe(OEP) (NO) value. No isotope sensitive bands were observed between 1450 and 1200 cm -1 in the reduced spectrum. In the presence of 2,6-dcp, only weak bands due to the porphyrin vibrations were observed. The spectra taken during the electrolysis (Figure 6 ) showed the almost complete reduction of Fe(OEP) (NO), and the appearance of the bands becaue of the reduced species. In addition to bands in the starting material, a weak band at 1412 cm -1 was observed. The spectra obtained at low potentials were identical to the final spectra (except for the absorbance values) which indicated that further reduction of Fe(OEP) (HNO) to species 4 did not occur.
The FTIR spectroelectrochemistry of Fe(OEP) (NO) and Fe(OEP)( 15 NO) in the presence of 10 mM 2,6-dcp showed no isotopically sensitive bands, other than the νNO band for the starting material. As can be seen in Figure 6 , the bands for the reduction product were weak, compared to the Fe(OEP) (NO) − bands. Chemical reduction of both the na NO (na = natural abundance) and 15 NO complexes gave similar results. Even with the use of 2,3-dcp, which had fewer bands in the 1300-1440 cm -1 region, no isotopically sensitive bands were observed. In addition, there was no evidence of the disproportionation of Fe(OEP) (HNO) to Fe(OEP) (NO) and H2 in the FTIR spectra of the chemical reduced nitrosyl complex. This would have been indicated by an increase in the νNO band for Fe(OEP) (NO).
To confirm that the Fe-N coordination remained after the electrolysis, the potential was returned to the initial potential, and the potential maintained. As was observed in visible spectroelectrochemistry, the infrared spectrum for Fe(OEP) (NO) slowly reappeared, indicating that there was no loss in nitrogen coordination in the reduced complex. Loss of the HNO group would also have rapidly led to N2O, which would have been observed in the infrared spectrum. Examination of the region above 2200 cm -1 showed that no new band appeared ( Figure S4 ). If N2O was formed, it should have been observed at 2224 cm The voltammetric and spectroscopic data indicate that the pKa of Fe(OEP) (HNO) is probably between 7 and 8 given the fact that small stoichiometric excesses of 2,6-dcp led to the formation of Fe(OEP) (HNO). Fe(OEP) (HNO) can be formed readily with other dichlorophenols (Table 1 ), but at higher concentrations. If phenol itself is used, significant reaction between phenol and Fe(P) (NO) − was only observed at relatively high concentrations of phenol (greater than 100 mM). The FTIR spectroelectrochemistry at 25 mM phenol, for example, showed the presence of Fe(OEP)( 15 
NO)
− in the spectrum ( Figure S5 ), indicating that there was no reaction at this acid concentration. This indicates that the pKa of Fe(OEP) (HNO) must between 8 and 10. This makes Fe(OEP) (HNO) a slightly stronger acid than the nonheme Ru-HNO complex discussed previously. 25 Previous work 24 has shown that the reduction of Fe(P) (NO) − to Fe(P) (NH2OH) involves the Fe(P) (NH2O) + intermediate (reactions 2, 4, and 5, Scheme 1). As was discussed above, this species is, at best, a minor species at equilibrium, and was not directly observed in our work. An alternate formulation of the reactive intermediate that is consistent with the kinetic data would be a strong hydrogen-bonded complex between phenol and Fe(P) (HNO), Fe(P) (HNO) (HOPh). It is not possible based on the current data to distinguish between this complex and Fe(P) (NH2O) + .
While the second wave is negative of the first wave in the voltammetric studies, the thermodynamic potential may be positive of the first reduction if the concentration of phenol is high enough. This was demonstrated by the fact that Fe(OEP) (NH2OH) continued to form during the reverse scan. Eventually, the oxidation of Fe(OEP) (NO) − will shift the equilibrium and regenerate Fe(P) (NO). This regeneration of Fe(P) (NO) from Fe(P) (NH2OH) has been verified using UV/visible and FTIR spectroelectrochemistry and confirmed the coordination of the N-ligand during the entire redox process.
Previous studies on Fe(OEP) (HNO) and related complexes have involved six-coordinate species, Fe(P) (HNO)(L). As was discussed earlier, Farmer et al. 15 observed a νNO band for myoglobin-Fe-HNO at 1385 cm -1 using resonance Raman spectroscopy. Abucayon et al. 19 observed a band at 1383 cm -1 in the infrared, which they ascribed to νNO. In our work, this band was not observed by either chemical or electrochemical methods. A significant difference between our work and theirs is the coordination number (6 versus 5), which may account for the differences. The DFT calculations for Fe(P) (NO) − /Fe(P) (HNO) species are summarized in Table 2 . The 5-coordinate HNO complexes yielded νNO values that were upshifted from the six-coordinate complexes. In comparing the DFT calculated IR spectra for the 5-coordinate Fe(P) (NO)
− species with the Fe(P) (HNO) complex, protonation always reduced the calculated νNO values. With the experimental value of νNO for Fe(OEP) (NO)
− of 1440 cm -1 , one would expect the νNO for Fe(OEP) (HNO) to be less than that value, and should be observable in our experiment. On the other hand, all the DFT methods underestimated the downshift in the νNO band in the reduction of Fe(OEP) (NO) to Fe(OEP) (NO) − , even though they calculate the νNO for Fe(OEP) (NO) itself reasonably well. If the accuracy of the Fe(OEP) (HNO) calculation was similar to the Fe(OEP) (NO) value, there might be an upshift in the five-coordinate Fe(OEP) (HNO) νNO band upon protonation because most of the DFT values for Fe(OEP) (HNO) are greater than 1440 cm -1 . This comparison is more difficult for the six-coordinate complexes because Fe(P) (NO) − does not coordinate N-ligands. 36 As a result, the νNO band for five-coordinate Fe(P) (HNO) may be in the congested region between 1450 and 1500 cm -1 , and thus would be difficult to observe. Even for ferrous complexes thought to be 5-coordinate (e.g., Fe(P) (CO)), recent evidence shows that the species is generally 6-coordinate in solution. 38 A second possible ligand for Fe(OEP) (HNO) is the phenolate from the formation of the HNO complex. Evidence for the coordination of the complex with phenolate was observed long-term (days) but led to the displacement of HNO. If this occurred during our experiment, the phenolate complex would have been readily seen in the visible spectrum. Finally, addition of excess phenolate led to deprotonation rather than coordination. No evidence of phenolate coordination was observed in the NMR.
